In recent years, the introduction of the photovoltaic generation system (PV system) has been increasing by promoting the use of renewable energy. It has been feared that the reverse current from the PV system may cause an unacceptable level of voltage rise at the interconnection node in the power distribution system. This paper discusses the effects of the reverse current on the voltage rise and fall characteristics of the interconnection node and the voltage profiles along the power distribution line. When the line current on the circuit is small, the voltage on the line monotonically increases from the sending end to the receiving end. When a relatively large current flows, it causes a voltage reduction near the distribution substation. Furthermore, on the basis of the voltage aspects in the power distribution system with a large PV system, the allowable limits of the line current and the output power from PV system are investigated.
Introduction
In recent years, photovoltaic power generation systems (PV systems) have been encouraged and its introduction into the electric power distribution systems is being advanced as a matter of national policy in Japan. Numerous studies on the influence of interconnecting large PV systems on the power quality of the electrical power system have been performed [1] [2] [3] [4] [5] . It has been feared that a rise in voltage may be caused by the reverse current from the PV system in the power distribution system [6] .
In general, the voltage rise due to the PV system in a distribution system is expressed by the magnitude of a reverse power flow. Several investigations have been conducted on the method of voltage regulation in a distribution system with a PV system. There has been growing recognition that the reactive power control of a PV system is useful in compensating for the voltage fluctuation which results from solar irradiance conditions [7] . The power factor control for distributed generation in a distribution network has been proposed to mitigate the voltage rise due to the active power output from the distributed generation [8] . It was suggested that the magnitude of reactive power injection from a PV system connected to a low-voltage grid was determined by the voltage sensitivity matrix [9] . A static var compensator (SVC) installed in a low-voltage distribution network has been proposed for suppressing the voltage rise due to the reverse power flow from the PV system [10] . A voltage regulator with a tap changer is also useful as a countermeasure against the voltage rise in the distribution system. It was proposed that multiple line drop compensations controlled the tap position of a load tap changer in the distribution substation for the purpose of voltage regulation [11] . An online control strategy for the tap position has been proposed by using the measurement data of voltage, power, and tap position and the state estimation for the purpose of minimizing the number of tap operations [12] .
On the contrary, the voltage reduction in a distribution feeder due to the reverse power flow from large-scale PV systems has been reported [13, 14] . As mentioned above, it is well accepted that the reverse power flow from a PV system causes the voltage rise in a distribution system. In [13, 14] , the authors indicated that the voltage in a distribution feeder decreased with the increase in the reverse power flow from the PV system in cases where the reverse power flow is drastically larger than the supply power to the load in the distribution system. We showed from basic circuit theory that the large reverse current from a PV system might cause a reduction in the voltage of the interconnection node in the case of a long distribution line [15] . We also qualitatively and quantitatively indicated the effects of the distribution line length on the voltage rise and fall characteristics at the interconnection node [15] .
This paper discusses the effects of a reverse current on the voltage rise and fall characteristics at the interconnection node and the voltage profiles along a power distribution line. Furthermore, the allowable limits of the line current and the output power are investigated on the basis of the voltage behavior in the power distribution system. Figure 1 shows a single-phase equivalent circuit of a power distribution system with a large PV system at the receiving end. It is supposed that the distribution substation (sending end) voltage is V s = 6 6 kV, the line impedance per unit length is r + jx, and the reverse line current is I. The total line impedance is r + jx D for the whole line length of D.
Distribution System Model
In Japan, after the introduction of the Feed-in Tariff (FIT) scheme in 2012, large capacities of photovoltaic generators (PV) have been constructed in rural areas. These rural areas are relatively far from load centers where substations are located, and so, large capacities of PV are connected near the end of 6.6 kV distribution feeders. Therefore, no load is assumed in order to fundamentally investigate the influence of only the PV system.
Vector Diagram of Voltage
3.1. Vector Locus of Receiving-End Voltage. In this section, our previous paper [15] is briefly reviewed. Figure 2 illustrates the vector diagram among the receiving-end voltage V r , sending-end voltage V s , and the inverse current I from the PV system. Here, the power factor is 1 and the whole length of the line is D. The locus of the voltage vector V r with an increase in I is indicated by a bold solid line. A circle centered on point "o" and having the sending-end voltage V s as its radius is drawn by a dashed line.
The ratio of rDI and xDI is always constant. As the current increases, triangle "abh" consisting of RI = rDI and XI = xDI becomes similarly large. Triangle "abh" represents the magnitude of the voltage rise at the receiving end due to the line impedance and the reverse current I.
In this case, although the current I is in phase with the voltage V r , the phase of the current I as well as the voltage V r is advanced compared to the voltage V s by the angle of θ. As the current increases, the phase angle θ increases and finally becomes θ = π/2.
Angle "dba" is always a right angle regardless of the magnitude of the inverse current I. Therefore, the locus of the receiving-end voltage V r is drawn with a circular arc whose diameter is shown by line "ad."
The tangent line at point "a" to the circle drawn with a dashed line is shown by a one-dot chain line. Point "q" is the intersection point between the bold solid line and the one-dot chain line. The maximum receiving-end voltage V r−max is given by line "oq." Figure 2 , the magnitude of the receiving-end voltage is expressed by the following expression: International Journal of Photoenergy Using V 2 s − xDI 2 ≥ 0 due to voltage stability, the allowable range of the current I is deduced as
Expression of the Receiving-End Voltage. From
The allowable limit of the current I is also represented as
The magnitude of the maximum receiving-end voltage becomes
where tan φ = x/r. When V r = V s , the current I is given by the following expression:
where z = r 2 + x 2 . From the abovementioned expressions, the following facts are found out:
(1) With an increase in the sending-end voltage V s , both I max and V r−max become large (2) Thus, even if the receiving-end voltage V r becomes higher than the allowable voltage range, V r could fall within the allowable range by decreasing V s . However, the decrease in V s might cause the opposite effect to reduce the allowable limit of the current I (3) V r−max is independent of D and I but depends only on the line impedance. When the magnitude of the resistance component of the line impedance becomes relatively smaller than that of the reactance component, V r−max is suppressed to be low (4) The allowable limit of the current I, I max , is in inverse proportion to the product of D and x, that is, the whole reactance component of the line. I max is independent of the resistance component Concerning the output power of the PV system, P r increases with an increase in the line current until the line current reaches 341 A, where P r is at its maximum. In the range of I L = 229 A to 341 A, although the receiving-end voltage V r decreases with an increase in the line current I L , P r continues to increase with an increase in the line current I L because of the small decreasing rate of V r . When the PV system is controlled to keep the output current constant, the output current from the PV system can be enlarged to larger than 341 A, while the output power must be reduced. 
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In the case of Figure 6 , line "ab" exists partially in the inner side and the outer side of the one-dot chain line circle. Therefore, the voltage V d is smaller than V s near the sending end, whereas V d is larger than V s near the receiving end.
On the other hand, Figures 7 and 8 indicate the vector diagram at V r = V s and at the allowable limit of the line current, respectively. In these figures, line "ab" is in the inner side of the one-dot chain line circle. Therefore, the voltage V d is always smaller than the sending-end voltage V s . International Journal of Photoenergy Figure 6 , the voltage V d at the node far away from the sending end by d is given as follows:
Expressions of Voltage Profile along the Line. From
where λ = θ + φ,
4.3. Dependence of Voltage Profile on Line Current. As a case study, the voltage profile along the power distribution line described in Section 3.2 (r + jx = 0 3 + j0 4 Ω/km) was estimated as a function of the line current. Figures 2 and 4 give the following expressions:
Using P r = V r I, equation (8) is reduced as follows:
This equation has the following roots:
Thus, the voltage-power characteristics are represented by the following expression:
The real root must exist:
Consequently, the allowable output power is expressed as follows:
This equation suggests the following facts:
(1) The allowable limit of the output power from the PV system is proportional to the square of the sendingend voltage. Thus, the allowable limit can be enlarged by the rise of the sending-end voltage (2) The allowable limit is inversely proportional to the whole line length D. Therefore, the long power distribution system cannot be allowed to introduce the larger-power PV system compared with the short-line power distribution system (3) The resistance component of the line impedance becomes the smaller, and the allowable limit of the output power is reduced 5.2. Dependence of Receiving-End Voltage V r on Output Power P r from the PV System. The solid line in Figure 11 illustrates the dependence of the receiving-end voltage V r on the output power P r derived from equation (13) for the line impedance of r + jx = 0 3 + j0 4 Ω/km. In this figure, the corresponding line current I L is also plotted as a function of the output power P r . The solid lines in this figure show that the maximum magnitudes of P r and I L are 4.36 MW and 341 A for 0 3 + j0 4 Ω/km, respectively. In the case of 0 3 + j0 4 Ω/km, V r is always higher than V s . As described in Section 3.3, if the PV system is strongly controlled to keep the line current constant, the line current could be enlarged to more than 341 A by reducing the output International Journal of Photoenergy power. However, when the PV system is controlled to keep the output power constant, P r and I L are limited to the abovementioned magnitudes. The dashed lines in Figure 11 shows the ones for 0 15 + j0 4 Ω/km, which is the impedance for the thicker wire compared to the abovementioned wire of 0 3 + j0 4 W/km. In the case of this line impedance, the maximum magnitudes of P r and I L are 3.14 W and 312 A, respectively. These magnitudes are smaller than the ones for 0 3 + j0 4 Ω/km.
It is pointed out that the use of the thicker wire brings about the reduction of the voltage rise, but concurrently the allowable limit of the output power of the PV system must be decreased.
Dependence of Voltage Profile V d on Output
Power from the PV System P r . Figures 12(a) and 12(b) show the voltage profiles as a parameter of the output power P r , the former for r + jx = 0 3 + j0 4 Ω/km and the latter for r + jx = 0 15 + j0 4 Ω/km. In Figure 12 (a), only four voltage profiles can be seen, which are the same as those of the upper four profiles in Figure 8 , because of the allowable range of the output power.
In Figure 12 (b), five profiles are drawn. In the case of 0 15 + j0 4 Ω/km, when the output power from the PV system is larger than 2.86 MW, the receiving-end voltage V r and the voltage V d are always smaller than the sending-end voltage V s . However, the allowable limit of the output power is 3.14 MW, which is smaller than that of 0 3 + j0 4 Ω/km. It should be noted that if the thick wire is used as the power distribution line, too much reduction of the voltage might be caused by the large output power of the PV system.
Conclusion
The voltage rise and fall characteristics caused by the introduction of large PV systems into a long power distribution system is studied in this work by using vector diagrams of a single-phase equivalent circuit.
When the line current on the circuit is small, the voltage on the line monotonically increases from the sending end to the receiving end. When a relatively large current flows, it causes a voltage reduction near the distribution substation even if no load exists.
The allowable limit of the output power from the PV system can be enlarged by the rise of the sending-end voltage. However, it heightens the receiving-end voltage and the voltage profile. It should be noted that the small resistance component of the line impedance prevents the rise of the voltage and also reduces the allowable limit of the output power.
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